, and humic acid (HA) inhibited TCE degradation to different extents for the CP/Fe(III)/CA system. Analysis of Cl -production suggested that TCE degradation in the CP/Fe (III)/CA system occurred through a dechlorination process. In summary, this study provided detailed information for the application of CA-enhanced Fe(III)-activated calcium peroxide for treating TCE contaminated groundwater.
Introduction
Groundwater and soil contamination by chlorinated solvents throughout the world has imposed significant threats to the ecological environment and endangered human health. Trichloroethene (TCE), which was used extensively in metal degreasing, dry cleaning and used as extraction solvent and components for synthesis, is a ubiquitous contaminant at hazardous waste sites in America [1] . Due to its harmful characteristics such as carcinogenicity and reproductive toxicity, TCE has been identified as one of the priority existing chemicals under the Toxic Substances Control Act by US Environmental Protection Agency [2] . As a result, the development of remediation technologies for chlorinated-solvent contaminated sites has been a primary focus of research and development efforts for many years.
In situ chemical oxidation (ISCO) accomplished by injecting chemical oxidants directly into contaminated groundwater or soil to destroy contaminants is an increasingly popular technology possessing wide potential for contaminated site remediation. Among various in situ oxidants, Fenton's reagent has attracted much attention due to its high potential to oxidize a wide range of contaminants and its minor impact on the environment. The Fenton or Fenton-like reactions use Fe(II) and Fe(III) to catalyze the reaction with H 2 O 2 , which produces various free radicals via the propagation reactions (Eq. (1)- (5)), including hydroxyl radical (HO•), perhydroxyl radicals (HO 2 •), superoxide radical anions (O 2 -•) and hydroperoxide anions (HO 2 -), etc [3] . HO• generated by Eq. (1) possesses strong oxidizing properties, and can oxidatively decomposed a wide range of organic contaminants [4] .
k ¼ ð8:5 -9:7Þ Â 10 7 M -1 S -1 (5) Compared to the Fenton reaction, the rapid consumption of H 2 O 2 can be avoided in Fenton-like reactions due to slow Fe(II) formation. However, the contaminant degradation rates for Fenton-like reactions are typically much slower and Fe(III) has the potential to precipitate under neutral pH conditions. To alleviate the precipitation of Fe (III) and enhance the degradation efficiency of contaminants, chelating agents, such as ethylenediaminetetraacetic acid (EDTA), nitrilotriacetic acid (NTA), oxalic acid (OA), and citric acid (CA), have been employed in Fenton-like reactions [5] [6] [7] .
EDTA is an efficient and commonly used chelating agent. However, its recalcitrant nature makes it difficult to be biodegraded, and its persistence in groundwater may result in an elevated risk due to metal leaching. In contrast to EDTA, NTA is easily biodegraded to CO 2 , H 2 O, and inorganic nitrogen [7] . However, NTA and its salts have acute toxicity and possible carcinogenicity to humans, which lead to negative effects [8] . OA and CA are organic multidentate compounds commonly present in nature. Citrate was found to be rapidly biodegraded in calcareous and non-calcareous soils while oxalate was resistant to microbial degradation [9] . It was also reported that the complexes of OA with ferric ion have weaker stability than that of CA [10] . As an important intermediate of the Krebs cycle in the metabolism of all aerobic organisms, CA can be easily biodegraded to CO 2 and H 2 O without formation of toxic products. CA participates in the biodegradation of contaminants as nutrients for microorganisms thus making it harmless to the environment. Wen et al. investigated the biodegradation of rhamnolipid, EDTA and CA, and the most rapid degradation of CA was found in metal contaminated soils [11] . Compared with EDTA, NTA and OA, CA is more compatible with bioremediation and environmentally friendly. In addition, Liang et al. investigated the application of various chelating agents including EDTA, STPP, HEDPA, and CA in TCE degradation by an activated persulfate system to manipulate the quantity of ferrous ion in solution [12] . The results indicated that CA was the most effective activator for the destruction of TCE, and a CA/Fe(II) molar ratio of 1/5 was suitable to maintain sufficient quantities of soluble iron in solution. Lewis et al. reported that citrate modified Fenton reaction dechlorinated TCE effectively in aqueous solution and organic phases at near neutral pH and the decomposition rate of H 2 O 2 was regulated with the dose of chelating agent [13] . [14, 15] .
The generation of H 2 O 2 from CP can be regulated by adjusting the solution pH and the inefficient parallel reactions can be reduced. The characteristics of CP make it convenient for transport and storage, and to improve the persistence of oxidants in groundwater. However, it should be noted that excessive addition of calcium could increase the hardness of water and affect its quality for public and industrial use.
Calcium peroxide has been used in a few prior cases for soil and groundwater remediation. The application of CP in the remediation of PCB-contaminated soil showed significant contaminant removal and minimal impact on soil microbial activity [16] . Zhang et al. studied the effective treatment of waste activated sludge containing EDCs (Endocrine Disrupting Chemicals) by CP [17] , and CP has also been used as an oxidant to stimulate the degradation of TCE in modified Fenton chemistry in our previous study [18] .
However, to the best of our knowledge, the ability of CA to enhance the Fe(III)-catalyzed oxidative capacity of CP has not been investigated. In this study, TCE was selected as the target contaminant to investigate its degradation by CP/Fe(III) and CP/Fe(III)/CA systems. The specific purposes are 1) to assess the enhanced effect of CA on TCE degradation; 2) to elucidate free radicals generated and the TCE degradation mechanisms for the CP/Fe(III)/ CA system; and 3) to evaluate the influence of solution matrix on TCE degradation. Table S1 (Supporting information).
Experimental procedures
Stock solutions of TCE, NB, and CT were prepared by dissolving pure TCE, NB or CT liquid in ultrapure water with gentle agitating. Various stock solutions were diluted to the desired concentrations and added to the reactor for different tests. The reactor used for all reactions was a customized cylindrical glass container (250 mL) with two ground glass mouths for dosing and sampling, respectively, in which a magnetic stirrer was used to maintain well-mixed conditions. The reaction temperature was held at 20°CAE0.5°C by a thermostat circulating water bath (Scientz SDC-6, Ningbo, China) and the solution pH was measured and recorded with a pH meter (Mettler-Toledo DELTA 320, Greifensee, Switzerland). After all of the chemicals (e.g., Fe 2 (SO 4 ) 3 and CA) except for CP were homogeneously mixed in the reactor, CP was added to the system to initiate TCE degradation. Sampling was conducted for TCE degradation or chloride anion production analysis at time intervals determined beforehand. Control tests were carried out in parallel without addition of CP. All experiments were performed twice and the mean values were reported. The standard deviations were also shown as error bars in each figure.
Chemical probe tests were conducted in accordance with TCE degradation procedure in which TCE was replaced with chemical probe compounds. NB and CT were selected ) and pH values varied within 0.1 units during the experiments. The impact of the solution matrix on TCE degradation was investigated in separated tests wherein NaCl, NaHCO 3 , and HA were added individually to the CP/Fe(III)/CA system. An additional experiment was conducted using real groundwater, wherein all solutions were prepared with groundwater rather than ultrapure water. All other procedures were in accordance with TCE degradation in ultrapure water.
TCE degradation by CP/Fe(III) and CP/Fe(III)/CA could be described by the pseudo-first-order kinetic model. According to the pseudo-first-order kinetic, reaction rate is linearly dependent on the concentration of contaminant as follows:
which could be further modified as:
where
).
Analytical methods
Aqueous samples (1.0 mL) containing TCE, CT, or NB were extracted with n-hexane (1.0 mL) for gas chromatograph (GC) analysis. The average extraction recovery rates of TCE, CT, and NB are 89.7%, 87.5%, and 93.1%, and the relative standard deviations are 3.1%, 1.9% and 1.2%, respectively. The organic phase was injected to a gas chromatograph for quantification (Agilent 7890A, Palo Alto, CA, USA). DB-VRX column (60 m length, 250 mm i. d., and 1.4 mm thickness) and electron capture detector (ECD) was used for detection of TCE and CT while the temperatures of the injector, detector and oven were set at 240°C, 260°C and 75°C respectively. HP-5 column (30 m length, 250 mm i.d., and 0.25 mm thickness) and flame ionization detector (FID) were used to quantify NB while the injector, detector and oven temperatures were 250°C, 300°C and 175°C, respectively. The detection limit of the above method for TCE is 1.02 mg$L -1 , and the linear range is 0.1-25 mg$L , with a correlation coefficient (R 2 ) of 0.9992. Chloride anions released from TCE were analyzed by ion chromatography (Dionex ICS-I000, Sunnyvale, CA, USA). Soluble ferric ion (Fe(III)) in aqueous solution was reduced to ferrous ion (Fe(II)) by hydroxylamine chloride and then determined with the 1,10-phenanthroline method [21] . H 2 O 2 concentration in aqueous solution was quantified spectrophotometrically with the titanium sulfate method [22] .
Results and discussion

TCE degradation performance in CP/Fe(III) system
The degradation of TCE by CP activated with Fe(III) is presented in Fig. 1 . The experiments were carried out with fixed TCE concentration (0.15 mmol$L -1 ) at various CP/Fe (III)/TCE molar ratios from 4/8/1 to 20/40/1, corresponding to the initial pH values of 3.15, 3.03 and 2.85 in these conditions. The fixed initial CP/Fe(III) molar ratio of 1/2 was based on our previous study for the CP/Fe(II) system [18] . The control test without CP addition showed 5.2% loss of TCE due to volatilization, as shown in Fig. 1 . Approximately 20%, 47% and 96% of TCE was degraded in 180 min at the CP/Fe(III)/TCE molar ratios of 4/8/1, 10/ 20/1, and 20/40/1, respectively, indicating that TCE could be effectively degraded when appropriate dosages of CP and Fe(III) were applied. TCE degradation was adequately described by the pseudo-first-order kinetic model, and k obs values are summarized in Table S2 . The k obs increased from 0.0012 to 0.0033 and 0.0170 min -1 when the CP/Fe (III)/TCE molar ratios changed from 4/8/1 to 10/20/1 and 20/40/1, respectively.
Comparison of the results presented in Fig. 1 for the CP/ Fe(III) system to the results obtained from our previous study using Fe(II)-catalyzed CP shows that TCE degradation was much slower for the CP/Fe(III) system [18] . The rate-determining step in the CP/Fe(III) system was deduced to be the transformation of Fe(III) to Fe(II) (Eq. (2)), which is particularly slow. The considerable distinction in the rate constants of Eq. (1) and Eq. (2) resulted in the huge variation between the degradation rates of TCE in the CP/Fe(II) and CP/Fe(III) systems. This resulted in a much higher dosage of CP and Fe(III) required to achieve efficient TCE degradation in the CP/Fe(III) system due to the relatively low catalytic activity of Fe(III). However, compared to the CP/Fe(II) system, the reaction rate in the CP/Fe(III) system was slower, which prevented the rapid consumption of oxidants and accumulation of heat. This extended the duration of TCE degradation for the CP/Fe(III) system, which is an advantage of the CP/Fe(III) system. In the following section, the use of CA to improve the efficiency of Fe(III)-catalyzed CP and enhance TCE degradation is investigated. treatment indicate that TCE degradation was less effective at the highest CA dose. The rate constants obtained from a pseudo-first-order kinetic model are presented in Table S2 . . The results demonstrate that TCE degradation by the Fe(III) activated CP system was enhanced in the presence of CA. This is consistent with the previous study of Vicente in Fenton-like process [23] .
The solution pH dropped from 3.15 to 3.02, 2.86, 2.54 and 2.35 in the presence of 0.15, 0.30, 0.60, and 1.20 mmol$L -1 CA, respectively. The decrease in solution pH may have promoted the dissolution of CP, which would benefit the CP/Fe(III) system. Conversely, the positive effect of CA in the CP/Fe(III)/CA system could be explained by the chelation of Fe(III) by CA, which would enhance the stability of Fe(III) in solution. Xu et al. reported that CA could chelate metal ions to form soluble complexes that could catalyze Fenton oxidation [24] . There are three carboxyl groups and one hydroxyl group available in the CA structure, therefore CA is considered as having four dissociable protons in the dissociation process. The equilibrium reactions of citrate and Fe(III) and hydrolysis reactions of Fe(III) are given in Eqs. (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) , where L represents citrate and Fe 3+ is free ferric ion [6] .
The mass balances of Fe(III) and citrate can be ascribed as Eqs. (19) (20) , where [Fe(III)] t and [L] t represent the total concentration of Fe(III) and citrate in solution respectively:
According to the pH values measured and the equilibrium constants for various reactions, the distribution of Fe(III)-CA in the presence of different CA dosages were calculated with Eqs. (19) (20) , approximately 94% of Fe(III) was present as chelated species.
As noted above, the addition of 1.20 mmol$L -1 CA decreased the efficiency of TCE degradation. It was speculated that excess CA in the CP/Fe(III)/CA system competed with TCE to scavenge HO• and induced lower TCE degradation rate according to the previous study of Xue et al. [25] . In addition, excess chelate reduced the availability of Fe(II) and Fe(III), which diminished the generation of free radicals in a modified Fenton reaction [10] . This is consistent with the calculated speciation results discussed above, wherein 94% of Fe(III) was predicted to be chelated at 1. • in the CP/Fe(III) and CP/Fe(III)/ CA systems was assessed using CT as a chemical probe (Fig. 4(b) ). Approximately 19% and 22% declines in CT concentration were observed for the CP/Fe(III) and CP/Fe (III)/CA systems, respectively, which demonstrated the generation of O 2 -• in both systems. However, no significant positive effect on O 2 -• generation was found with the addition of CA. O 2 -• was reported as a common product from the reaction between HO• and organic compounds in the Fenton-like process [27] . In our previous study, O 2 -• has been proven to be generated in the CP/Fe (II) system and promoted the degradation of TCE. Ma et al. also found that both HO• and O 2 -• existed on the surface of CaO 2 suspension and confirmed the results with chemiluminescence [28] .
Based on the discussion above, it was concluded that CP dissolved in solution to yield H 2 O 2 (Eq. (6)) and the generated H 2 O 2 reacted with Fe(III) spontaneously which led to the formation of Fe(II) (Eq. (2)) in both the CP/Fe (III) and CP/Fe(III)/CA systems. As a consequence, HO• and O 2 -• were generated through modified Fenton-like reactions (Eqs. (3)- (5)).
Free radical scavenging tests
Free radical scavenging tests were conducted to verify the contribution of HO• and O 2 -• to TCE degradation. As shown in Fig. 5(a) , a significant reduction in TCE degradation was observed in the CP/Fe(III)/CA system amended with the addition of IPA. In the absence of IPA, TCE was completely degraded in 90 min. With the addition of 1.0 and 10 mmol$L -1 IPA, TCE degradation efficiencies within 90 min deceased greatly to 19.8% and 6.7%, respectively. As the concentration of IPA was much higher than that of TCE, HO• generated in the system was scavenged by IPA effectively. The decline in TCE degradation elucidated that TCE degradation was caused predominantly by the strong oxidation activity of HO•, and HO• was identified as the dominant radical responsible for TCE degradation in the CP/Fe(III)/CA system. IPA was also used as a HO• scavenger by Northup and Cassidy in a CP system activated with EDTA chelated Fe(III) and results consistent to those reported herein were achieved [14] . TCE degradation in the CP/Fe(III)/CA system in the presence of CF is shown in Fig. 5(b) . As can be seen, the degradation efficiencies of TCE were decreased from 99.9% to 97.7% and 73.2% respectively with the addition of 1.0 and 10 mmol$L -1 CF. When the CF added increased to 10 mmol$L -1
, an obvious inhibition for TCE degradation was observed. The scavenging effect of CF demonstrated that the presence of O 2 -• in the CP/Fe(III)CA system contributed to the degradation of TCE. HO• was mainly responsible for TCE degradation, according to the results presented in Fig. 5(a) . However, it is speculated that • by CF resulted in a reduction in Fe(II) regeneration. , and HA in groundwater, the influences of these constituents at different concentrations on TCE degradation in the CP/ Fe(III)/CA system were investigated separately and the results are shown in Fig. 6 . As shown in Fig. 6(a) , Cl -showed an obvious inhibitive effect on TCE degradation for the CP/Fe(III)/CA system. With the increase of Cl -concentration from 0 to 100 mmol$L -1 , TCE degradation efficiency decreased from 99.9% to 39.2%. This inhibition can be ascribed to the reaction between Cl -and HO• which resulted in a scavenging effect, as shown in Eqs. (23)- (24) [30]. -could perform as a scavenger of HO•, as shown in Eqs. (25) (26) [30] . HCO 3 -converted to CO 3 2-which had a higher reactivity with HO• in high pH, and therefore the scavenging effect was enhanced.
HA, a widely existing macromolecular organic substance in the natural environment was used as a model to investigate the influence of natural organic matter on TCE HA had a minor inhibition on TCE degradation. Wang and Lemley studied the effect of HA on alachlor degradation by an anodic Fenton process and the results showed the competition of HA with alachlor for HO• which slowed down the rate of alachlor degradation significantly [31] . It suggested that the negative effect of high HA concentration should not be neglected in the application of CP/Fe (III)/CA system to actual groundwater remediation. The effect of solution pH on TCE degradation in the CP/ Fe(III)/CA system was evaluated and the results are shown in Fig. S1 . The results indicate that TCE degradation efficiency decreased with pH increasing from 6 to 8. TCE was almost completely degraded at 90 min without phosphate buffer at pH 3.15. In contrast, only 52.9%, 27.8%, and 11.8% of TCE was degraded at 90 min at pH values of 6, 7, and 8, respectively. It is demonstrated that acid pH condition was favorable for TCE degradation and that a pH increase slowed TCE degradation in the CP/Fe (III)/CA system. It was speculated that with the increase of solution pH, the complexation between Fe(III) and CA became more unstable, leading to the decrease of soluble iron.
3.5 Tests of the CP/Fe(III)/CA system in groundwater Figure 7 shows the comparison of TCE degradation performance in ultrapure water versus groundwater. It can be seen that TCE degradation was inhibited in groundwater compared with that in ultrapure water, with 30% degraded in 180 min for groundwater versus complete degradation in ultrapure water. The presence of Cl -, HCO 3 -, and organic matter was confirmed in the groundwater (Table S1 ). Cl -and HCO 3 -were speculated to inhibit TCE degradation and the organic matter would compete with TCE for oxidants as noted before in Section 3.4. However, TCE degradation efficiency increased to 54.9% and 99.7% with increasing CP/Fe(III)/CA/TCE molar ratio from 4/8/2/1 to 8/16/4/1 and 16/32/8/1, suggesting that the inhibition caused by solution matrix could be overcome by increasing the reagent dosages. From the above results, it is clear that the application of CP/Fe(III)/CA technology is practicable for contaminated groundwater remediation but that the solution matrix plays an important role in the TCE degradation performance. Therefore, the characteristics of groundwater should be taken into consideration when CP/Fe(III)/CA technology is applied for in situ applications.
3.6 Chloride liberation in CP/Fe(III)/CA system Chloride ions (Cl -) released from TCE were monitored in parallel with TCE degradation to confirm the dechlorination efficiency of TCE in the CP/Fe(III)/CA system. Based on the molecular formula of C 2 HCl 3 , 3.0 mol Cl -would be produced from 1.0 mol TCE in the case of complete dechlorination. The theoretical Cl -release was calculated according to TCE degradation efficiency and compared with the measured Cl -in solution. As shown in Fig. 8 , the measured Cl -released was slightly less than the theoretical value within 90 min. Hence, the dechlorination of TCE was incomplete during the reaction and some chlorinated intermediates were likely produced. At 90 min the measured concentration of Cl -matched the theoretical value of 16 mg$L -1
. These results demonstrate that any chlorinated intermediates that may have been produced were degraded quickly and TCE was completely mineralized in the CP/Fe(III)/CA system. Chen et al. also found that TCE in groundwater and soil slurries was completely dechlorinated and no chlorinated intermediates were found in the Fenton oxidation process [32] .
As discussed in previous sections, HO• was the predominant radical responsible for TCE degradation. The high reaction rate constant between HO• and TCE (k TCE = 4 Â 10 9 M -1 s -1
) indicated that TCE could be easily attacked by HO• and transformed in the CP/Fe(III)/CA system [33] . The pathway of TCE degradation was speculated as follows according to the results reported in the literature. The double bond of TCE was attacked by HO• initially and TCE transformed to chlorinated intermediates such as dichloroacetic and trichloroacetic acids generally along with the release of Cl - [34] . These intermediates were dechlorinated further to organic acids such as glyoxylic acid and formic acid, and finally mineralized to CO 2 and H 2 O [35] .
Conclusions
This study investigated the impact of CA on enhancing TCE degradation by CP activated with Fe(III). TCE was effectively degraded in the CP/Fe(III) system with appropriate dosages of CP and Fe(III). -and HA and increasing pH showed various inhibition effects on TCE degradation. Tests using groundwater indicated that CP/Fe(III)/CA technology was practicable for contaminated groundwater remediation with use of higher reagent doses. The measured Cl -released along with TCE removal suggested that the degraded TCE was completely dechlorinated. In summary, the findings in this study strongly support the prospect of using CA to enhance Fe(III)-activated CP in situ for remediation of TCE-contaminated groundwater. 
